ABSTRACT With the increase of wind power penetration rate in the power grid, power dispatching including wind curtailment often happens to guarantee the safety of the power system. Considering the fatigue load of wind turbines during de-loading operation, how to optimally dispatch them along with the required power instructions becomes a hot issue. Under this background, this paper mainly studies the active power dispatching based on fatigue load optimization. In order to reduce the calculation complexity of the fatigue load, this paper proposes a simplified active power dispatching model for wind turbines via a look-up table. Subsequently, the ultra-short-term wind speed prediction is performed using the least squares support vector machine for the dynamic's prediction of wind turbines, which will be applied in fatigue load pre-calculation. Moreover, in order to fast solve the optimal dispatching problem, the accelerated particle swarm optimization algorithm is adopted. Under different de-loading scenes, the simulation experiments show that the fatigue load of the wind turbines has certain regularity while different de-loading strategies yield different effects on the fatigue load. Finally, based on the evaluation of damage equivalent load (DEL), the proposed optimal dispatching strategy in this paper is proved to be effective to meet the external dispatching from the power grid while reducing the total fatigue load level of wind farm via optimizing the power instruction to each wind turbine.
I. INTRODUCTION
With the further improvement of wind power penetration rate in power system, the requirements for wind power active power control are gradually increasing [1] . In order to suppress the system safety problem caused by wind power output fluctuation and improve the ability of wind farm to adjust active power in response to system frequency regulation, the de-loading of wind farm active power has become a common regulation strategy [2] , [3] .
For wind farm to effectively follow the reference power issued by operation center, it is necessary to design an appropriate active control strategy at the wind turbine level and
The associate editor coordinating the review of this manuscript and approving it for publication was Amin Khodaei. implement a suitable power dispatching strategy at the wind farm level.
At the wind turbine level, de-loading control strategy is more common in the literature on wind turbine participation in system frequency regulation [4] - [7] . By reducing the active power, wind turbine can obtain the ability to increase active power during frequency regulation. According to the characteristics of wind energy captured by wind turbine, common de-loading control methods include rotor speed control and pitch angle control [5] . Speed control is usually divided into speed reduction control and over-speeding control, but since the speed reduction control may affect the operation safety of wind turbine, the over-speeding control is generally selected in most researches [6] . However, rotor speed is limited by the maximum value, so the assistance of pitch angle control is also required. In [7] , authors believe that de-loading by pitch angle control can reduce the wake effect in the wind farm. Actually, researchers often use a combination of overspeeding control and pitch angle control, but depending on the characteristics of the wind turbine, there are multiple ways to implement the combination. At present, fewer researchers has discussed which combination is the best.
At the wind farm level, researchers have focused on how to distribute active power to all wind turbines in a wind farm. In response to this problem, there are currently three kind of solutions. The first solution is to distribute the power proportionally according to the operating conditions of wind turbines [8] - [10] . The advantage of this method is that it is simple to calculate and easy to implement in engineering, but it cannot guarantee its economy. In [9] and [10] , active power is proportionally distributed after grouping wind turbines, but there is no data indicating that such grouping can effectively improve the economics of distribution. The second solution is to optimize the dispatching scheme by optimizing the wind power operation cost function [11] , [12] . Compared to the first method, this method is optimized for the operational economy, but the difficulty lies in the construction of cost function, which is prone to the problem of unclear physical meaning. The third method, which is also the method to be used in this paper, uses wind farm fatigue load as the optimization target to complete power dispatching. As an important parameter affecting the life of wind turbine, fatigue load can effectively improve the operating life of wind turbine and reduce maintenance cost, thus improving the economical operation of wind farm [13] and avoiding problem that the physical meaning of cost function is not clear in the second method. However, there are still some problems that need to be studied when optimizing with fatigue loads.
The most important issue to consider when optimizing fatigue loads is how to calculate fatigue load of wind turbine. In [14] and [15] , the literatures suggest that the standard deviations (STD) of tower bending moment and main shaft torque can be used as a measure of fatigue load. However, as introduction in [16] , although STD implies a nonzero fatigue, the same STD can stem from signals with different wind turbulence, so the size of fatigue load cannot be characterized by STD alone. Based on rainflow counting algorithm, the DEL proposed in [17] is considered to be effective to calculate fatigue load by the Miner's rule and the S-N curve. This method is widely recognized, but the calculation of rainflow counting is complex and only suitable as an evaluation strategy [18] . Some researchers tried to use DEL in online optimization, such as [19] , [20] , but their methods cannot cover the actual situation of wind farm operation. In [20] , authors established a look-up table to represent the relationship between wind speed and DEL, but it is only applicable to the calculation when the wind speed is stable. The DEL result when the wind speed changes drastically is ignored.
In this paper, we establish a wind turbine model based on de-loading operation. A combined active power control strategy of rotor over-speeding control and pitch angle control is used and two look-up tables of rotor speed reference value and pitch angle reference value at different wind speeds and different power reference values is obtained. Compared with the nonlinear model of wind turbine, the difficulty of solving the intelligent optimization algorithm by look-up table can be greatly reduced. At the same time, considering the research status of fatigue load, we choose an advanced STD method as the optimization target and use DEL as the evaluation index, this combination is easier to optimize and post-evaluate. With the wind speed prediction based on LS-SVM, the fatigue load level corresponding at the next moment can be evaluated. Then, an APSO algorithm constrained by penalty function is used to choose a better dispatching strategy and reduce the fluctuation of tower bending moment and main shaft torque. In the simulation cases, we first analyze the fatigue loads of wind turbine that is under de-loading state at different wind speeds, and then compare the fatigue load caused by different single wind turbine de-loading strategies. Finally, the optimized dispatching strategy proposed in this paper and the traditional strategy are compared.
The paper is organized as follows. Section II describes the modeling of wind farm, includes a wind turbine model with the active power control method, the fatigue load calculation algorithm and the wind speed prediction strategy. Section III presents the optimization methods for the active power dispatching problem. Section IV discusses the simulation results of the case studies. Section V is the conclusion.
II. WIND FARM MODEL
In this section, a wind farm model is proposed, it includes a wind turbine model, a de-loading strategy for wind turbine, a wind speed prediction model and a wind turbine fatigue model. The wind turbine model is based on the National Renewable Energy Laboratory (NREL) model which is an offshore 5 MW baseline variable speed wind turbine, and the de-loading strategy is based on the over-speeding control and the pitch angle control. Then, the wind speed prediction model is proposed for the optimization of power dispatch in the next period. At last, the fatigue of wind turbine is calculated based on DEL.
A. WIND TURBINE MODEL
The wind turbine model is based on [21] , the model built in this paper contains the aerodynamics of the turbine, the drive train model, the generator model and the tower dynamic model.
1) AERODYNAMICS OF THE TURBINE
The aerodynamics can be calculated by,
where T m is the aerodynamic torque, F t is the thrust force, ρ is the air density, R is the rotor radius, v is the effective wind speed over the rotor, λ is the tip speed ratio, β is the pitch angle, ω r is the rotor speed, C p and C t are the power coefficient and the thrust coefficient, respectively. Based on ref [22] , the C p and C t of the NREL wind turbine can be described by two look-up tables, as shown in Fig. 1 and Fig. 2 .
2) DRIVE TRAIN
The mechanical power absorbed by the turbine is transmitted to the generator through the drive train system. This paper uses the single mass model to describe the relationship between mechanical torque and generator torque, as shown in the following equation:
where J t = J r + n 2 g J g is the equivalent mass of the drive train, J r and J g are the rotor mass and the generator mass, respectively, T e is the generator torque and n g is the gear box ratio, defined by n g = ω e /ω r , ω e is the generator speed.
Since the shaft fatigue is derived from the shaft torque, in order to obtain the shaft torque, a double mass model is adopted, as shown in the following equation:
where T s is the shaft torque.
From (4) and (5), the shaft torque can be rewritten as follows:
3) GENERATOR
In the research of the active power control, the generator can be simplified into a first-order inertia transfer function since the control of active and reactive power of current wind turbine has been decoupled [23] . The response time of the generator current control determines the time constant of the transfer, usually several milliseconds. So, generator torque can be simplified as:
where T ref e is the reference value of T e , τ e is time constant of the generator.
4) PITCH ANGLE SYSTEM
The pitch angle is controlled by the rotor speed to sustain a reasonable active power, and the pitch angle actuator drives the actual value β to the reference value β ref . In this model, the dynamic of pitch angle actuator is neglected, so having:
where β ref will be described by a lookup table in 1.2, τ p is time constant of the pitch angle system.
5) TOWER
We assume that the main cause of tower bending moment is the thrust force, so it can be calculated as
where h is the height of tower.
B. WIND TURBINE DE-LOADING STRATEGY
According to the reference power of grid command, the output power of wind turbines when the wind farm is running at limited power could be lower than the output power under the MPPT state. From (1), this goal can be achieved by reduce C p , the reference power and optimal power are equal to:
So, the reduced C p can be described by the following equation:
As shown in Fig. 1 , the same C p can correspond to different λ and β, so the suitable λ and β should be designed carefully in order to reduce the fatigue load. VOLUME 7, 2019 As introduced in [20] , the Max-ω strategy proposed in [4] is an effective method to mitigate the load and bring more rotational energy in the rotor. In this paper, we choose a similar strategy as the proposed strategy, use rotor speed control and pitch control to realize the de-loading of active power. Specifically, let ω r bigger than ω opt until it reaches to ω max , if the active power is still bigger than the reference value after that, than change the pitch angel.
As shown in Fig. 3 , for a given wind speed v = 8m/s, the power coefficient varies under different ω r and β. When the operation state of wind turbine is MPPT, the wind turbine runs at point A. If the operation state of wind turbine is de-loading, based on the principle of the proposed strategy, the operating condition will be transferred from point A to point B through over-speeding control of rotor speed. If we want to further reduce power after point B, the rotor speed is already the maximum, we need to increase the pitch angle, that is, from point B to point D. Meanwhile, if the given wind speed is bigger and the Corresponding point A may coincide with point B, then the pitch angle will be adjusted directly without changing ω r . Based on the principle above, as long as v and P ref are determined, the corresponding λ and β can be determined accordingly. Then, we can calculate the relationships of ω r and β with v and P ref , respectively, and describe them with two look-up tables, as shown in Fig. 4 and Fig. 5 . In addition to the strategy proposed in this paper, there are a variety of combinations of rotor speed and pitch angle that can meet the de-loading requirements. We will conduct a comparative experiment in case study to determine the pros and cons of different solutions.
C. ULTRA-SHORT-TERM WIND SPEED PREDICTION
In order to evaluate the fatigue load during the next control period, a prediction base on future wind speed information is more in line with the actual operation of the wind turbine. This paper chooses LS-SVM for ultra-short-term wind speed prediction. LS-SVM is an extension of standard support vector machine. It introduces the least squares linear system into support vector machine and uses the quadratic programming method to solve the function estimation problem.
In order to use LS-SVM to achieve wind speed prediction, we assume that the wind turbine can provide wind speed data with a sampling time of 1 minute and use the wind speed data 5 minutes before the predicted point as a sample to perform ultra-short-term prediction with a predicted length of 1 minute.
For a given set of training samples (t i , v i ), where t i is the time and v i is the corresponding wind speed, i = 1, · · · · · · , n, n is the length of the sample set, the objective function of LS-SVM can be expressed as:
where w is the weight vector, e i is relaxation factor, γ is regularization parameter. The Lagrange method is used for solving the optimization problem:
where α i is Lagrange factor and α = [α 1 , α 2 , . . . , α n ]. According to the Mercer condition, define kernel function
. Then, using the least squares method to solve α and b of the formula (13), finally LS-SVM function is obtained as:
The actual wind speed set and the predicted wind speed profiles are shown in Fig. 6 . In this example, the mean absolute percentage error (MAPE) and the mean squared error (MSE) are 6.91% and 5.12%, respectively. The predicted result is considered to be accurate enough for the proposed active power dispatching strategy.
D. WIND TURBINE FATIGUE CALCULTION
As analysis in introduction, DEL is a suitable index to represent the fatigue load, and DEL of tower bending moment and main shaft torque can be calculated by the MCrunch code, respectively [17] . In order to characterize the overall fatigue level of the wind turbine, we choose a similar strategy as [13] , which can be concluded as: are the base values of the two indexes, κ 1 and κ 2 are the weight vector, κ 1 + κ 2 = 1 and the ratio of κ 1 and κ 2 depends on the cost and life of the corresponding part of the wind turbine.
However, Since DEL is difficult to use for online optimization, STD of the tower bending moment M t and the main shaft torque T s as the cause of fatigue load can be used as an optimization target, so having: 
III. ACTIVE POWER DISPATCHING STRATEGIES
In this section, three active power dispatching strategies will be mentioned. Strategy A is a proportional distribution scheme based on the output of the wind turbine. Strategy B is an optimal distribution scheme to minimize the whole wind farm fatigue value based on S M,i and S T,i , and Strategy C is an optimal distribution scheme to average the fatigue value of the wind turbine in a wind farm. At the same time, APSO for solving optimization problems is also proposed in this section.
A. STRATEGY A: PROPORTIONAL DISTRIBUTION
Proportional distribution scheme is a traditional active power dispatch strategy for the wind farm [8] , a unit will be assigned a larger output if its real-time power is bigger. the exact allocation method is:
)P ref wf (19) where P ref m,i is the reference value of the i-th unit in this algorithm, n is the number of units in wind farm.
Since the algorithm in (19) just consider the actual power of each wind turbine, the strategy is easy to implement. But as the introduce above, such unoptimized distribution may cause high fatigue in the wind turbine, the lifetime of equipment may be shortened, thereby indirectly increasing the cost of wind farm.
B. STRATEGY B: MINIMIZE THE FATIGUE OF WIND FARM
As Strategy A doesn't consider the fatigue load during active power dispatching, Strategy B proposed in this paper aims to reduce fatigue load of the whole wind farm while meeting the requirements of power reference from the grid. The optimization problem of this strategy can be expressed as:
where P m,i is the output of the i-th wind turbine in the wind farm, P min m,i and P max m,i are the minimal and maximal power under the actual wind speed, respectively, P ref wf is the reference power of the whole wind farm, n is the number of wind turbines, ξ is the allowable error, P k m,i and P k−1 m,i are the power dispatching orders of the i-th wind turbine in the k-th and (k − 1)-th period, respectively, P max m is the maximum power change of wind turbine in the adjacent dispatching period.
Due to the low accuracy of multi-step power prediction, this paper only performs one-step prediction with a sampling VOLUME 7, 2019 period of 1 minute. From (16) and (17), fatigue load of wind turbine is determined by the standard deviation of M t and T s . In other words, reducing the volatility of M t and T s in every single-step optimization can reduce the fatigue load of wind turbine in long-term operation. Therefore, the optimization problem in (20) can be rewritten as:
C. STRATEGY C: AVERAGE THE FATIGUE OF EACH WIND TURBINE
For some wind farm, especially offshore wind farm, frequent maintenance can result in higher costs. Optimizing the fatigue between individual wind turbines to achieve an average can effectively reduce the number of maintenance actions, thereby reducing operating costs. Based on this consideration, Strategy C takes the variance of the wind turbine fatigue as the optimization goal, thus:
where
is the average of all the wind turbines in the wind farm.
D. OPTIMIZATION ALGORITHM: APSO
According to the analysis of the fatigue load for wind turbine, the optimization problems proposed by the strategy B and strategy C are complex nonlinear problems. PSO is an efficient method to solve these problems. In the process of power dispatch, the number of wind turbines can be large and certain constraints must be met. At the same time, in the actual operation, the dispatch algorithm needs to be fast enough to meet the requirements of the control instructions. Therefore, APSO is chosen as the optimization algorithm of the wind farm power dispatch problem [24] . The implementation process of the optimization algorithm is shown in Fig. 7 .
The standard PSO uses both the current global best value and the individual best value, A simplified version that could accelerate the convergence of the algorithm is to use only the global best. Thus, in APSO, the velocity and position are updated based on the equation given below:
where v k j and x k j are the velocity and positions of the j-particle in k-iteration, δ is the randomness amplitude coefficient of roaming particles, µ is the speed coefficient of convergence, In this study, the penalty function method is employed in APSO to deal with the constraints shown in strategy B and strategy C. A generalized objective function is constructed as follow [25] :
where f (x k j ) is the optimization goal in (20) or (25), h q (x k j ) is the penalty intensity, H q (x k j ) is the penalty factor. q is the number of constraints and q = 1, 2 . . . , 2n + 2. The expressions of h q (x k j ) and H q (x k j ) are respectively:
IV. CASE STUDIES
This section contains three cases. The first case analyzes the corresponding fatigue load levels when the wind turbine is deloading to different power references at different wind speeds. The second case compares the fatigue load levels of wind turbines under different de-loading strategies. The third case calculates the fatigue load level of a wind farm under several power dispatching strategies.
A. FATIGUE LOAD ANALYSIS
According to the analysis, the operating states of the wind turbine are different when responding to different power reference values at different wind speeds. In this case, we construct several wind speed curves that satisfy the Weibull distribution with different mean values, respectively, and calculate the fatigue loads of the wind turbines at different wind speeds under different power reference values. Fig.8 and Fig. 9 show the simulation results for mean wind speed of 10 m/s. For the wind turbine with the wind speed shown in Fig. 8(a) , the maximum output power is bigger than 3MW, so both Pref = 1MW and Pref = 3MW belong to the limited power operation mode. As the P ref increases, it can be seen from Fig. 8(b) that the fluctuation of the tower bending moment also increases, the DEL values are 3.43e6, 1.45e7 and 1.96e7, respectively, as shown in Fig. 9 . In Fig. 8(c) , the fluctuation of the main shaft torque of the wind turbine operating in MPPT mode is much larger than the limited power mode. This is because the rotor speed remains constant when the power limited as a constant under the strategy adopted in this paper. According to formula (6), this strategy greatly reduces the main shaft torque under constant limited power conditions. The results shown in Fig. 9 demonstrate the above analysis of the results of Fig. 8 , the cumulative rainflow cycles both for the main shaft torque and tower bending moment are less when the reference power is smaller, which implies less fatigue loads experienced by the wind turbine. For a further understanding of the wind turbine's fatigue load under different working conditions, we calculated the fatigue value of the wind turbine under multiple wind speeds, as shown in Tab. 1. From the results of Tab. 1, for wind turbines with the same mean wind speed, we can see that the increase in P ref will inevitably lead to an increase in the fatigue load of the wind turbine. At the same time, in the limited power mode, when P ref is constant, the higher the wind speed, the smaller the fatigue load, which is caused by the characteristics of C t . Unlike the limited power mode, in MPPT mode, when the wind speed is lower than the rated wind speed, the higher the wind speed, the higher the fatigue load. This is because the main shaft torque fluctuates significantly in the MPPT mode due to the fluctuation of the active output, greatly increasing the fatigue load of the wind turbine.
In this case, the wind turbines are subjected to different degrees of de-loading at different wind speeds. The results of fatigue analysis show that the wind speed and de-loading degree have impact on the fatigue load of the wind turbine. Therefore, it is necessary to optimize the power distribution according to the wind turbine operating conditions.
B. COMPARISON OF DIFFERENT DE-LOADING METHODS
In this case, the fatigue loads of de-loading method used in this paper will be compared with two other strategies, one is the strategy using only the pitch angle control (PAC), and the other is the combination of incomplete rotor overspeeding control and the pitch angle control (IRO+PAC), which the incomplete rotor over-speeding indicates that the abscissa of point B in Fig. 3 does not reach ω max . Since the de-loading strategy of rotor speed reduction control is unsafe, no comparison is made in this paper. In order to allow wind turbines under a wider range of wind speed can be de-loading state, we assume a reference power of 1 MW. The comparison results are shown in the figure and table below.
For the method used in this paper, when the reference power is 1 MW, the corresponding rotor speed will be constant and equal to ω max . For PAC, the corresponding rotor speed will be smaller than ω max and change with the actual wind speed. For IRO+PAC, the corresponding rotor speed will be constant between the above two methods. The results of M t and T s are shown in Fig. 10 . After calculation, we notice that rotor over-speeding control will increase the fatigue of tower, at the same time, the fatigue of shaft will be significantly reduced because of the fixed rotor speed. The final results in Tab. 2 show that when v mean = 10 m/s, the fatigue load of the whole wind turbine is the lowest under the strategy used in this paper. Fig. 11 shows the comparison results of different wind speeds.
Comparing with the pitch angle control, the method using in this paper reduces the fatigue load in tests below the rated wind speed. In tests above the rated wind speed, the pitch load control is the only option, and the fatigue loads of the two methods are the same. As a result, based on considering fatigue load, the method using in this paper is better than the de-loading method using only the pitch angle control. 
C. COMPARISON OF DIFFERENT DISPATCH STRATEGIES
According to the analysis of the previous cases, different degrees of limited power of the wind turbines at different wind speeds will result in different degrees of fatigue load. Therefore, it is necessary to optimize the power distribution of the wind turbines under different working conditions to reduce the impact of fatigue load on the life of the wind turbines, thereby reducing the maintenance cost of the wind farm.
In this case, the active power optimization dispatch in one scheduling command cycle (15 minutes) is calculated, the predicted wind speed information of the wind farm is shown in Fig. 12 . The figure shows the wind speed curves of ten wind turbines. The original data is a random number that satisfies the Weibull distribution, and the turbulence intensity of each wind speed curve is shown in Fig. 13 . Based on the ultra-short-term wind speed prediction, there is a predicted wind speed point every minute. Then, the wind farm performs an optimization calculation with a period of 1 minute and calculates the scheduling schemes under the two optimization strategies of Strategy B and Strategy C, respectively. The results of Strategy A, which is commonly used in engineering, are used as a comparison. In order to get better results, the APSO applied to Strategy B and Strategy C were run 10 times, respectively, and the optimal results were selected as the solution for the two optimization strategies. The reference active power of wind turbines under various strategies in the same scheduling period is shown in the figures below. As shown in Tab. 3, the difference in fatigue levels of wind turbines under different strategies is obvious. Based on Strategy A, the wind farm distributes active power proportionally based on real-time conditions of different wind turbines, as shown in Fig. 14, This strategy is simple and effective. However, this distribution strategy will cause the wind turbine operating at lower wind speeds to withstand higher fatigue loads, such as 1# and 2# wind turbines, which is consistent with the analysis in Case 1. At the same time, when the wind speed fluctuates greatly, such as 4# wind turbine, the fluctuation of the proportional distribution result will also become larger, which leads to an increase in the fatigue load.
In contrast, Strategy B is optimized to minimize total fatigue of the wind farm, and its optimization effect is obvious, which is 57.1% lower than the total fatigue of Strategy A. As shown in Fig. 15 , the optimization result of Strategy B re-plans the outputs of the wind turbines at different wind speeds, and effectively reduces the fluctuation range of the reference power values. However, since the optimization goal of Strategy B is only the minimum of total fatigue, there are still cases where the fatigue value of individual wind turbine is much larger than that of other wind turbines in the optimization process, such as 9# wind turbine. This is disadvantageous for offshore wind farms that are inconvenient to maintain. Therefore, in Strategy C, since the total fatigue and the fatigue difference between the wind turbines are considered at the same time, although the total fatigue value is larger than the Strategy B, the fatigue variance between the wind turbines is 35.9% lower than that of the Strategy B and 68.4% lower than that of Strategy A.
At the wind farm level, the sum of the reference powers of all wind turbines is shown in Fig. 17(a) . For Strategy A, because of its simple calculation, the result is exactly equal to the scheduling instruction; for Strategy B and Strategy C, the results are slightly different from the scheduling instruction due to the existence of the allowable error in the optimization process, and the maximum error is about 0.5%, as shown in Fig. 17(b) . This is acceptable. Therefore, the strategy proposed in this paper can meet the requirements of the power reference value of wind farm under the premise of optimizing single wind turbine fatigue.
V. CONCLUSION
To solve the aforementioned key issues about wind farm active power dispatching, in this paper, we propose a novel scheme for calculating the fatigue load level of wind farms and optimize the fatigue load to realize the active power dispatching of the wind farm.
In order to achieve the fast calculation of the fatigue load, a wind turbine active power control strategy based on offline look-up table is proposed while considering the de-loading of wind turbine and the fluctuation of wind speed. Since online optimization based on fatigue load requires predicting wind speed information, a LS-SVM based wind speed prediction algorithm is applied. For the optimization process of power allocation, the optimization algorithm is based on the APSO algorithm. Two different optimization strategies proposed, namely, minimizing the sum of the total field fatigue values and minimizing the standard deviation of the full field fatigue values, respectively obtained the corresponding optimization results, and the simulation experiments prove the effectiveness of the strategy.
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